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Abstract
This project aims at the study of 2 phase oil-water flows, addressing a chal-
lenge faced in crude oil transportation, phase inversion. Although research on
oil-water phase inversion has continued on for over five decades, no concrete
theory unifies the phenomenon. This project aims focuses on the phenomenon
from a different perspective using an online viscosity measurement technique.
This work presents the initial crude measurements with a square mixing tank,
standardizing the viscometer with a well-accepted rheometer, and studying 2
phase properties in a characterized mixing tank designed as per chemical engi-
neering standards.
The graphs plotting the phase inversion data were found to follow similar
trends as graphs found in literature. It was found that phase inversion of oil-
water mixtures occcured between 60% to 90% oil concentration in most sce-
narios. It was also found that the viscometer experiments and the rheometer
experiments overlapped in the region above 50% concentration of oil in water.
The phase inversion point was found to shift to a lower value at higher RPM.
Basic droplet size measurements revealed a growth in the oil droplets in water
until phase inversion which was in agreement with results found in literature.
Further experimental verification of the viscometer measurements are to
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1.1 Statement of Challenge
In the last quarter of the 20th century, global demand for crude oil had
a very stable yearly growth rate averaging 1%. This has changed radically in
the first years of the 21st Century due to emerging countries like China and
India, whose dynamic economies resulted in a remarkable 1.8% global growth
in demand for crude oil in 2009 (IEA, 2010).
According to some estimates from the International Energy Agency(IEA,
2010) heavy oil represents at least half of the recoverable oil resources of the
world. Heavy oil is defined as petroleum which has a density equal or lower
than 20 APIgravity, but if petroleum has 10 APIgravity or less it is considered as
extra heavy oil or bitumen, which is denser than water. The difference between
bitumen and extra heavy oil is ambiguous and usually refers to the production
technology, so we will include both under the term extra-heavy oil.
API gravity is defined by the American Petroleum Institute as a measure
of how heavy or light a petroleum liquid is compared to water. The formula to
1
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Until recently, demand for heavy and extra-heavy oil has been marginal
because of their high viscosity and composition complexity that make them dif-
ficult and expensive to produce, transport and refine. However, an increase
in production of heavy and extra heavy crude oil should take place for heavy
crudes will be needed over the next two decades to replace the declining pro-
duction of conventional light oil. Therefore, there is a growing interest in the
use of non-conventional heavy and extra-heavy oil resources to produce fuels
and petrochemicals.
Due to the properties of heavy oil, primarily the high viscosity, problems
of extraction, transportation, and extraction arise. This project focuses on trans-
portation of heavy crude oils in pipelines. The problems associated with heavy
oil transport include low mobility and flowability of the crude, wax and asphal-
tene deposition on pipeline wall surfaces, instability of asphaltenes, clogging of
pipes, high pressure drops and in rare cases, production stoppage.
Currently, the industry is restructuring its refining industries to handle the
non-conventional crude oils. The primary challenge of shifting focus to heavy
crude oils is the transportation of heavy and extra-heavy oil that limit their eco-
nomical viability.
1.2 Objectives and Scope
The focus of this research will be on the experimental study of high vis-




1. Investigate online viscosity measurement techniques using vibrational vis-
cometer.
2. Implement the vibrational viscosity measurement to measure 2 phase liq-
uid liquid mixture viscosity of oil in water.
3. Gain insight about oil - water inversion phenomenon using novel on-line
viscosity measurement.
4. Parametric study of various factors defining effective viscosity including
phase fraction, RPM, benchmarking with rheometer, etc.
The constraints of space, location and finance have been scrutinized in this
research. The scope of the research is as follows
1. Experiment limited to 2 phase mixture study with high and low viscosity
oils and water under laboratory conditions.
2. Emphasis is laid on effective viscosity of the mixture.
3. Phase fraction from 30 to 100% oil in water mixture shall be tested.
4. Effects of solid deposition, gas inclusion and temperature control are not
included.
5. Effects of surfactants are not studied in this project.
3
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1.3 Importance of the Research
With ever increasing energy demands, the oil and gas industry, in recent
years, has seen major innovations in oil extraction and refinement. Flow meter-
ing still proves to be the ‘Achilies heel’ in the industry with wide room for im-
provement and technological innovation. With oil, water, gas and sand flowing
through pipelines, the multiple phases pose a serious challenge in measurement
techniques.
In multi-phase flows, oil-water flows are encountered more frequently
than the other combinations. While oil production in mature fields dwindles,
water content increases during extraction of crudes. Then as the concentra-
tion varies, phase inversion might occur in various locations along the pipeline,
which causes abrupt changes in viscosity and hence generates high pressure
drops in pipelines, thus affecting the production.
In the case of high viscosity oils, water is deliberately added into the
pipeline to reduce the effective viscosity of the fluid flowing in the pipeline and
hence allowing smoother flows and eventually better transportation and produc-
tion. There are several niched areas where the 2 phase viscosity measurement
of oil-water mixtures is crucial to the industry.
Currently online viscosity measurement does not form a part of the Multi-
phase flow metering (MPFM) techniques. The major reason is because various
types of flows are encountered in the pipelines when oil and water flow simul-
taneously. Intermittent flow of one phase after another, flow of one phase over
another and one phase in another are just some of the types of flows that are
encountered in the pipelines. While viscosity measurement is available for sin-
4
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gle phase measurement, multi-phase measurement is currently not available in
the market. The measurements still have to be done offline, hence the need
for sampling. Taking the sample from a flow which is not homogenous is not
representative of the full flow. Hence, the technique is not credible.
While non-intrusive measurements exist for density, droplet size, flow
rate, measurement of viscosity is not possible without an intrusive object. The
reason behind this is that viscosity is a measure of resistance to flow. Unless
there is a resistance to flow, and a measurement of that resistance from the fluid,
viscosity cannot be measured. Hence, the use of laser, ultrasound, microwave
and other form of measurement gets ruled out.
While a select few online measurement techniques exist, in the food and
beverage industry, their implementation is again deferred by the different types
of flow that occur in pipelines, whereby the oil and water are at random locations





The literature review of this report is divided into 3 parts. The first part
introduces heavy crude oils definition, properties, challenges in transportation
and current solutions. As stated in the objective of the research in the previous
chapter, emulsion transport is the primary focus. The second part encompasses
emulsion theory in brief, emulsion stability, phase inversion, phase inversion
mechanisms and how phase inversion is relevant to the heavy oil transport. Fi-
nally the third part moves the literature review into the experimentation level.
Previous heavy oil test loops are looked upon, followed by light oil test facil-
ities with phase inversion phenomenon study. Since heavy oil emulsion study
in pipelines is a relatively fresh and new field, the experimental set up is de-
signed by combining several of the merits from previous test facilities and also
by applying the constraints of space, location, and financial support from the
industry.
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2.1 Heavy Oil
Heavy oil, extra heavy oil, and bitumen are unconventional oil resources
that are characterized by high viscosities and high densities, compared to con-
ventional oil. Heavy crude oils result from bacterial oxidation of conventional
oils, have different physical and chemical properties than conventional oils, gen-
erally greater viscosity, greater amount of asphaltenes, heavy metals, sulphur
and nitrogen [32]. The extent and location of heavy crude oil deposits are well
known. The International Energy Agency estimates that there are 6 trillion bar-
rels in place worldwide.
The exploration of heavy oil is of minor importance because the major
reservoirs have been discovered already. However, heavy oil production tech-
nology has to undergo several changes because heavy oil does not flow readily
out of reservoirs. This has got to do with some of the properties and also con-
stituents of heavy oil.
2.1.1 Properties of Heavy Oil
Density provides a first indication of volatility and distillation character-
istics. Specific gravity of heavy fuel oil falls within the range of 0.92 to 1.02 at
15 ◦ C. In terms of the API gravity, which is the standard used by the industry
to measure density of oil with respect to water, heavy oil is defined as oil having
API gravity less than 200 [29].
Viscosity is “the major property of heavy oil that is vital to production
technology. Any oil above 100 centipoise is considered as heavy crude oil or
high viscosity crude oil. However, by industry standards, oils closer to 1000 cp
7
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Figure 2.1: API Gravity of standard crudes [9]
viscosity is regarded as heavy oil as is shown in figure 2.1. Anything above this
range is categorized as extra heavy crude oil.
Heavy crude oil can be considered as a continuum of molecules with
molecular weights of 1,500 2,000 and most of the molecules have an aromatic
and an aliphatic part. The molecules of crude oil can be classified in four classes
namely Saturates ( only aliphatic branches), Aromatics (with aromatic trunks
and aliphatic branches ), Resins ( more trunks than branches ) and Asphaltenes
( many more trunks than straight branches ). This is more popularly known as
SARA analysis. “The asphaltene fraction is responsible for the undesirable oil
properties such as high viscosities, propensity to form emulsions, polymers, and
coke. [36].
2.1.2 Challenges of Heavyy Oil
With focus on transportation, the challenges of heavy oil are listed out in
Figure . It can be seen that the major problems arise due to the high viscosity as
8
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well as the composition of heavy crude oil.
Figure 2.2: Challenges regarding Heavy Oil Transport
Due to the challenges mentioned in figure 2.2 , the demand for heavy
oil has been marginal. To extract and transport heavy oil, tremendously higher
amounts of energy have to be spent. The throughput of oil volume reduces dras-
tically. The equipment cost, infrastructure, protection systems also add to the
capital expenditure (CAPEX). The economic viability of heavy oil production
when compared to light oil production was very poor. However, the next decade
shall see the increased production of heavy oil from the reservoirs in Gulf of
Mexico, Canada, Brazil,etc. The declining production of conventional oil has
prompted the industry to search for solutions to heavy oil transport. The interest
in the use of non-conventional heavy oil resources has been growing since. To
incorporate heavy oil to energy markets, still requires a lot of modification in the
extraction and transport technology. Following the set up infrastructure to trans-
port conventional oil, heavy oil is also transported in pipelines. However several
new technologies are implemented within the pipelines, to make the transport
more economically viable.
9
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Currently there are 3 general approaches for transport of heavy crudes.
They are presented below as a flow chart in figure 2.3 [27].
Figure 2.3: Existing Solutions - Heavy Oil Transport in pipelines
Dilution is one of the oldest and most preferred methods for reducing the
viscosity of heavy oil [15]. It consists of addition of lighter liquid hydrocarbons
to the heavy oil. The lighter hydrocarbons are typically condensates from nat-
ural gas production. Sometimes even lighter crudes are also used. A mixture
with 20 to 30% lighter solvent is often enough to avoid high pressure drops or
even eliminate the need for high temperature maintenance. The costs increase
because there is more pumping involved due to the increased volume of trans-
port and also due to the need for separation of the solvent. Another disadvantage
apart from the cost is the composition of oil flowing from a well which does not
remain a constant. Hence, the amount of solvent required shall vary. Simple
mixing rules dont apply in the scenario and careful attention should be paid to
the reliable measurement of crude oil and mixtures viscosity.
Water is another substitute for light oil. The advantage of water is that
it is readily available in abundance. Even when high concentration of water
10
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is required, it does not pose as a serious challenge. However, separation of
emulsions formed when water is mixed with oil, takes long periods of time.
Water handling is another aspect of concern. The water after separation cannot
be easily disposed off without prior treatment.
This research is focussed on reducing the viscosity of heavy oil by dilution
with water to form heavy oil- water emulsions. Emulsion formation is naturally
occurring phenomenon. The output from a reservoir is not 100% oil. It is al-
ways accompanied by water. Therefore the final product extracted out from the
reservoir is a mixture of oil and water, which is then separated and processed.
With a certain concentration of heavy oil in water, the effective viscosity of the
mixture is found to reduce. Hence this method is experimented to gain more
in-depth knowledge regarding the oil-concentration and viscosity changes that
occur along the pipeline and also at the inlet junction of the 2 phases.
11
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2.2 Agitation Vessels
Mixing is defined as the reduction of inhomogeneity in order to achieve
a desired process result. The inhomogeneity can be in concentration, phase or
temperature. Mixing plays a key role is several industries including petrochem-
icals, polymer processing, drinking water and waste-water treatment. The key
variables to identify are time scale for mixing and the required scale of homo-
geneity.
Figure 2.4: Standard Mixing Tank [16]
Figure 2.4 represents a standard tank’s configuration. The standard con-
12
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figuration of the tank is represented as non-dimensional ratios in terms of the
tank-diameter ‘DT ’.
1. HLDT = 1
2. DADT = 1/3
3. HADT = 1/3
4. bDT = 1/10
A conventional agitation vessel consists of a vessel equipped with a ro-
tating mixer. The vessel is generally a vertical cylindrical tank. Non-standard
vessels with square or rectangular cross-sections or horizontal cylinder vessels
are sometimes used. The rotating mixer has several components such as an im-
peller, shaft, shaft seal, gearbox, and a motor drive. Wall baffles are generally
installed for transitional and turbulent mixing to prevent solid body rotation.
The baffles promote axial mixing between the top and the bottom of the vessel.
2.2.1 Impeller Types
Impellers are divided into different classes based on flow patters, applica-
tions and special geometries. The classifications also define application types
for which these impellers are used. The different types of impellers based on
the flow patterns are described in the table 2.1.
13
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Axial Flow Propeller, pitched blade turbine, hydrofoils
Radial Flow Flat blade impeller, disk turbine(Rushton Turbine), hollow-blade turbine
High Shear Cowles, disk, bar, pointed blade impeller
Specialty Retrat curve impeller, sweptback impeller, spring impeller, glass-lined turbines
Up-down Disks, plate, circles
Table 2.1: Impeller classes and specific types
Axial flow impellers are efficient for liquid blending and solid suspensions
whereas radial flow impellers are generally used for gas dispersions. The axial
flow impellers are designed to operate at high speeds and they provide excellent
mixing properties for homogenization and suspensions. The pitched blade tur-
bine is classified under the axial flow impeller. A pitched blade turbine consists
of a hub with the blades bolted or tack welded onto it. The blade can be at any
angle between 10 to 90◦, but is usually maintained at 45◦. The pitched blade
turbine is used to blend liquids from low to medium viscosity. It is used in ap-
plications where it is required of the impeller rotation to direct the flow towards
the bottom head, which is known as down-pumping.
Radial flow impellers are also used to stir low to medium viscosity fluids.
They discharge the fluid radially outward to the vessel wall. The radial flow
impellers shall either have a disk or be open. The disk on the impeller allows
the addition of a large number of impeller blades. The blades can either be flat
or curved. Radial discharge flow patters can cause stratification or compartmen-
talization in the mixing tanks.
Power numbers, pumping numbers, shear levels, and flow patterns char-
14
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acterize the various impellers described above. All the power applied to the
mixing system produces circulation capacity(Q) and velocity head(H). This is
similar to the case of pumps which are characterized by the flow rate and pres-
sure head. By using kinematic and dynamic similarities, where D is the impeller
diameter and N is the impeller rotation speed in rev/sec,
Q α ND3 (2.1)
H α N2D3 (2.2)
Q represents internal circulation and H provides the shear in mixing. The head
resulting in shear is dissipated by turbulence. Equation 2.1 can be rewritten as
Q= NQND3 (2.3)
where NQ represents the pumping number which depends on the impeller type,
the depth of placement of the impeller, and the impeller reynold’s number.
Pumping is the amount of material discharged by the impeller and the values
of NQ under turbulent conditions are known for commonly used impellers and
they usually vary in the range from 0.4 to 0.8. As a result, all standard impellers
shall pump at about the same rate for a given diameter and mixer speed.
15
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Figure 2.5: Pumping capacity versus Reynold’s number [4]
As seen in figure 2.5, the pumping capacity increases in the transitional
region but is constant in both the laminar and turbulent regions. This figure is
also indicative of the efficiency of pumping for a agitation impeller. At lower
reynold’s number, the mixing efficiency is very low as the circulation capac-
ity is low. Higher reynold’s number produce better efficiency of mixing. The
pumping number of a few of the impellers is presented in the table 2.2.
Impeller Type NQ
Propeller 0.4-0.6
Pitched blade turbine 0.79
Hydofoil impeller 0.55-0.73
Retreat curve blade 0.3
Flat blade turbine 0.7
Rushton turbine 0.72
Hollow blade turbine 0.76
Table 2.2: Pumping number under turbulent conditions for various impellers
16
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Figure 2.6: Different types of Impellers [2]
The figure 2.6 sheds light on the various types of impellers that are avail-
able in the market. Each of them have different mixing characteristics. Pumping
of an impeller changes with the change in impeller geometry and batch size. It
also changes with varying liquid level. To understand the mixing physics in a
mixing tank, it is very important to characterize the flow. This is usually done
by understanding the dissipation of energy by the impeller and by studying the
flow patterns and instantaneous velocity profiles in the mixing tank. To study
using the former mentioned method, it is important to understand the power
consumed by a mixer. This can be obtained by combining the flow and head,
just as it is done in the case of pumps. This can be represented in terms of an
important parameter called the Power Number(NP).
P= NPρN3D5 (2.4)
where P is the actual power consumed by an impeller for a fixed RPM, a certain
reynold’s number and a certain impeller. The power number depends on the im-
peller type and impeller reynold’s number. Figure 2.7 is the graph representing
17
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the variation of the power number of an impeller in a mixing tank system with
the reynolds number. It should be noted that in lower reynolds number when the
flow is laminar, the mixing quality is extremely poor. Under such conditions,
the impellers designed for laminar flow are recommended. The information
should not be used for low reynolds number. In the laminar region the power
number is inversely proportional to the reynold’s number and the power varies
greatly with viscosity. The power number is constant in the turbulent region and
is independent of the liquid viscosity.
Figure 2.7: Power number versus Reynold’s number [13]
2.2.2 Scales of Mixing
Turbulence is central to much of liquid mixing technology and all of the
typical processes are affected by its presence. An exact mechanism of turbu-
lence is limited by the understanding of its nature. It is a state of fluid mo-
tion where the velocity fluctuates in time and in all three directions in space.
These fluctuations reflect the complex layering and interactions of large and
small structural elements such as vortices, sheets, ejections, and sweeps of a
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variety of shapes and sizes. In fully turbulent flow, the velocity fluctuations are
so intense that inertial forces overwhelm viscous forces. At all but the smallest
scales of motion, viscous forces and molecular diffusivity become negligible.
In fully turbulent flow, drag co-efficients, friction factors and power numbers,
approach constant values.
The mixing mechanisms can be divided into 5 namely dispersion or dif-
fusion, molecular diffusion, eddy diffusion or turbulent diffusion, convection
or bulk diffusion, and Taylor dispersion. While dispersion is just the bulk act
of spreading out of one medium into another, molecular diffusion is caused by
relative molecular motion and is characterized by molecular diffusivity. Eddy
diffusivity is the dispersion caused in turbulent flows. These are caused by mo-
tions of large groups of molecules called eddies. This motion can be measured
as the turbulent velocity fluctuations. This is a concept of local flow rather then
the bulk flow. Convection is caused by the bulk motion of the fluid. Taylor
dispersion is a special case of convection where the dispersion occurs due to a
mean velocity gradient.
Macromixing is mixing driven by the largest scales of motion in the fluid.
It is characterized by the blend time in a batch system. Mesomixing is mixing
on a smaller scale than bulk circulation but larger than microscales, where the
molecular and viscous diffusion becomes important. Micromixing happens on
the smallest scales of motion, otherwise known as the Kolmogorov scales. It
happens at the final stage of molecular diffusivity. Micromixing is the limiting
step in the progress of fast reactions because it dramatically accelerates the rate
of production of interfacial area available for diffusion.
19
CHAPTER 2. LITERATURE SURVEY
2.2.3 Mixing Time
Mixing time is defined as the time taken for a volume of fluid added to
a fluid in mixing vessel to blend throughout the rest of the mixing vessel to a
prechosen degree of homogeneity. Models have been formulated assuming that
blending is controlled by mean flow or bulk motion. These were put forth by
Norwood and Metzner(1960), McManamey (1980), Joshi, Pandit and Sharma
(1982), Raghav Rao and Joshi (1988), Rzyski (1993). The main theory followed
was that the mean flow generated by the impeller produces circulation loops in
the stirred vessels. McManamey proposed that the time required for the fluid
to circulate once through the flow path should be equal to the maximum length
of circulation path divided by the average liquid velocity in the circulation path.





The mixing time can then be taken as some multiple, usually 3 to 5 times, of the
circulation time. These models, however, is too simplistic and do not capture
the real mixing process adequately.
Models assuming the entire blending operation to occur by eddy diffusion
was put forth by Voncken, Holmes and DenHartog (1964), Brennan and Lehrer
(1976), Hiraoka and Ito (1977), Jahoda et al. (1994). Voncken et al. divided
the vessel into 2 regions with different degrees of mixing: a region consisting
of the impeller and the other region consisting of the circulation loop outside
the impeller zone. The the outer circulation zone, the mixing is not intense and
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is characterized by a dispersion co-efficient and an average circulation veloc-
ity. The circulation loop was assumed to be a tube of length ‘L’ and the liquid
flowing through the tube at an average circulation velocity of ‘v’. This gave
an overall circulation time of tc = Lv . If the average circulation velocity, disper-
sion co-efficient, and the maximum circulation path length are known, then the
mixing time could be calculated. However, it was shown by Patwardhan and
Joshi (1999), that a single value of dispersion co-efficient could not capture the
mixing process in the tank.
Nienow (1997) tried to incorporate both concepts into the prediction of
mixing times. He proposed that if the mixing was controlled by convection,
then the mixing times can be estimated from the liquid volume in the vessel and
the flow rate generated by the impeller. This led to the formulation of mixing
time θmix as:
Nθmix = A1N−1Q (T/D)
3 (2.6)
A major assumtion that was made by Nienow was that the impeller pumping
capacity did not vary with the clearance of the impeller from the bottom of the
tank, or in other words, the pumping characteristic of the impeller was indepen-
dant of the depth at which the impeller was placed in the stirring vessel. Nienow
also put forth the mixing time assuming the dispersion model for the flow in the
circulation region. He proposed that the blending process in the regions of slow-
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By comparing equations 2.6 and 2.7, we find that the difference is in the pro-
portionality of the time of mixing with respect to the TD ratio which implies the
depth of placement of the impeller. For energy dissipation, the time of mixing
was proportional to T/D2. Experimental data provided by Norwood and Met-
zner(1960), Hiraoka and Ito (1977), Prochazka and Landau (1961) suggest that
the T/D ratio falls inbetween 1.8-2.5. This gives sufficient evidence that the
mixing in the outer circulation regions are controlled by energy dissipation by
the smaller scales of turbulence.
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2.3 Phase Inversion
Phase inversion in liquid-liquid dispersions is a common phenomenon that
occurs in a range of industrial processes. In a system where 2 immiscible liquids
are involved, there are 2 types of dispersions that can be formed, depending on
the conditions of the system. When the 2 fluids are water and oil, usually they
are termed as water in oil or oil in water emulsions. The term water in oil, is
representative water is the dispersed phase and oil is the continuous phase.
2.3.1 Definition
Phase inversion is the phenomenon whereby the phases of a liquid-liquid
dispersion interchange such that the dispersed phase spontaneously becomes the
continuous phase and vice versa [28]. During this process the effective viscosity
of the mixture, which some authors mention as apparent viscosity as shown
in figure 2.8, increases to a high value, which leads to high pressure drops in
pipelines or in other words reduced flow rates [34].
Another important definition is that of the ambivalent region - the range
of organic (or dispersed) phase volume fraction wherein either the organic or
the aqueous phase can be continuous [34]. This region shall present a hysteresis
effect and is defined by the volume fraction of the dispersed phase and level
of energy input into the system. The ambivalent region is considered by many
researchers as a metastable state and that any perturbation to the system shall
lead to instability of the dispersion producing phase inversion at the boundaries
of the ambivalent region.
Phase inversion can be regarded as a form of instability of a system, the
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Figure 2.8: Phase Inversion - Viscosity [17]
stability of the dispersion being the least at the point of phase inversion [24]. Its
knowledge is essential in liquid-liquid extraction since it can be used to effec-
tively separate the 2 immiscible phases, preparation of dispersions, prediction
of pressure gradients in pipelines. The fundamental difficulty in understanding
phase inversion lies in the problem of conceptualizing the actual mechanism
behind phase inversion process.
2.3.2 Theories
There are 3 schools of thought when it comes to the mechanism of phase
inversion. However, neither of them has been proven with concrete certainty.
The first theory propagated the idea that phase inversion was an instability
between breakup and coalescence of dispersed droplets in the continuous phase
[25]. Phase inversion will, therefore, take place when there is a sufficiently large
coalescence frequency and when the breakup process is relatively ineffective.
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For instance, in a dilute O/W dispersion a dynamic balance will exist between
drop breakup and coalescence. An increase of the oil phase volume fraction will
lead to an increase of the coalescence rate due to an increase in the collision
frequency, and also to an increase of drop breakup rate as more oil drops pass
through the impeller region. Up to a certain volume fraction which depends on
the system properties, the coalescence and breakup processes can still reach a
dynamic balance forming a new dispersion with larger oil drops at each new oil
fraction. Near the phase inversion point, however, this balance can no longer
be sustained following a further increase in the oil volume fraction and this
causes the coalescence rate to accelerate leading to the formation of larger drops.
During this period, the time required for the breakup of these large drops is too
long even in the highly turbulent impeller region. The shape of these large drops
are found to change from spherical to cylindrical to lamellae and ultimately to
some complex structures accompanied by a viscosity maximum [20] .
The break up and coalescence of the dispersed oil droplets or vice versa
are dependant of the droplet size, turbulent mixing intensity, residence time of
the droplets in the turbulent mixing zone. Selker and Seicher conducted ex-
periments by varying the size of the impeller, using non standard vessels and
baffled walls. They found out that the width of the impeller region depends on
the interfacial tension but becomes a constant at high agitation speeds. Figure
2.9 represents a crude basic prelimanry schematic representation of phase in-
version phenomenon. This figure, used quite freqently in literature, provides a
good overview on the inversion phenomenon of liquid liquid dispersions. At
the inversion point, the water droplets that were crowded in the water in oil dis-
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persion, coalesce and becomes the continuous phase, rendering the oil phase as
droplet dispersions.
Figure 2.9: Phase Inversion representation [6]
Figure 2.10: Schematic of Different zones in the Mixing Tank
To understand phase inversion in a mixing tank, figure 2.10 is very use-
ful. This figure represents the 2 zones, namely circulation zone and the break
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up zone. The zone close to the impeller has higher turbulence. This zone is
responsible for the breakage of drops. The breakage of drops is due to the high
shearing action of the impeller. This zone is limited to the width and RPM of
the impeller. The circulation zone is all the area in the tank that is not bounded
by the impeller region. This zone has highly reduced tubulence and shear rate.
This is reduced exponentially along the radial direction, away from the impeller
tips [13].
Several other investigators considered phase inversion to be a spontaneous
process. They promoted the idea that the phase inversion phenomenon is accom-
panied by a decrease in the total energy of the system [8,22,23]. This hypothesis
was concerned with the total internal energy of the system. As is widely known,
the system always tends to lower its energy and hence chooses that state which
has least energy. They proposed that the sum of the Kinetic Energy and the
Interfacial Energy should reach a minimum value at the phase inversion point.
This theory received more backing when experiments revealed that the
interfacial energy in a dispersed system shows a reduction when phase inversion
appears and this magnitude of surface energy change is close to the total system
energy change [34]. Another theory, which is a subset to the Energy Balance
theory, states that at the phase inversion point, the surface energies of the 2
possible dispersions should be equal [12, 23, 26].
The major drawback of this theory lies in the fact that the ambivalent
region in the phase inversion criterion cannot be explained. The third theory,
presented the flow of 2 immiscible liquids as 3 thin layers. The 3 phases were




The experimental set up consists of a mixing tank, coupled with a stirrer
and is represented by figure 3.1. The purpose of this experiment is to study the
mixture property, specifically the effective viscosity of the mixture. The vis-
cosity of the mixture depends upon several factors. The effective viscosity of 2
phase mixtures is affected by the following factors [11] such as volume fraction
of dispersed phase, viscosity of continuous phase, shear rate, temperature, av-
erage droplet size, droplet distribution, viscosity of dispersed phase, density of
continuous phase, density of dispersed phase Since there are several factors that
contribute to the effective viscosity of a mixture, the experiment is designed to
study the effect of individual factors and is an attempt to isolate each parameter.
The viscosity of the oil - water mixture is pre-determined. Temperature is mon-
itored in this experiment using a thermocouple temperature transducer. Since
there isn’t any pump involved, the change in temperature of the mixing fluid
does not fluctuate drastically. However, during the long run of the experiment,
there is the probability of temperature rise. The compensation for the tempera-
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Property Heavy Oil Light Oil
Density (15◦C) 882.1 kg/m3 840 kg/m3
Viscosity(40◦C) 155.6 cSt 18.6 cSt
Viscosity(100◦C) 17.16 cSt -
Viscosity index 120 -
Table 3.1: Properties of Mobil Exxon DTE 150
ture change can be done for single phase oil using the ASTM D-341 standard.
However, for 2 phase mixture, it is possible only to monitor the temperature.
Volume fraction of the mixture is controlled during the injection phase. Droplet
Figure 3.1: Experimental set up
size and distribution though are important parameters, due to lack of FBRM
equipment to monitor the droplet size and its distribution, the 2 parameters can-
not be monitored in the experiment. The experiment is run until the mixture has
been homogenized, by ensuring the mixing time in the experiment exceeds the
mixing the time in theory and the viscosity signal has reached a steady state.
The property of the high viscosity and low viscosity oil is listed in table 3.1.
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Mobil DTE Excel 150 Rheometer Viscometer %Error
29degC 240 216 10%
Low Viscosity Blended Rheometer Viscometer %Error
29degC 35 30 14.2%
Table 3.2: Error % for Viscometer
3.1 Calibration of Viscometer
The online vibrational viscometer’s readings are validified by comparison
against a standard method of measurement using a rheometer. A rheometer is
often used to study the rheology of the fluid, including stress-strain relations,
non-Newtonian behaviour, etc. Since the rheometer is more widely used in
the industry and in laboratories as standard viscosity measurement instrument,
the HAAKE MARS III rheometer was used as a set standard of measurement
and the percentage error in viscosity readings of heavy oil and light oil were
compared. The viscosity measurement done with the rheometer was done for
28degC and 29degC with both high and low viscosity oils. The results are
presented below in figures 3.2 and 3.3 for both the temperatures.
Figure 3.2: Mobil-Exon Hydraulic Oil - High Viscosity
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Figure 3.3: Low Viscosity Oil
3.2 Equipments
The equipment used in the experiment include viscometer, thermocou-
ple, and pressure transducer. The thermocouple and pressure transducer are
factory calibrated. The viscometer is a transducer, manufactured in the UK
by HYDRAMOTION. The transducer is a XL7 series process viscometer. Ev-
ery viscometer is factory calibrated in ISO9001 laboratory to national traceable
standards. Each device delivers high accuracy and long duty with simple in-
stallation, no maintenance and unbeatably low cost of ownership [3]. Inspite of
this instrument being factory calibrated, this viscometer was calibrated against
distilled water, paraffin oil and a standard motor oil of a certain standard.
3.2.1 Viscosity Measurements
Viscosity is a fundamental characteristic property of all liquids. It is a
measure of internal resistance to flow [10]. This property is a function of tem-
perature and pressure. It is expressed in dynamic viscosity, measured in cen-
tipoise, and Kinematic Viscosity, measured in centistokes.
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Viscosity measurement can be done by capillary viscometers, orifice vis-
cometers, high temperature high shear rate viscometers, rotational viscometers,
falling ball viscometers, vibrational viscoemeters and ultrasonic viscometers.
In this presented work, the vibrational viscometer is pre-calibrated and utilized
to dynamically measure the viscosity of 2 phase oil water mixtures at varying
concentrations. The XL7 series online viscometer is manufactured by HY-
Figure 3.4: Vibrational Online Viscometer [3]
DRAMATION Ltd,York,UK and is represented in the Figure 3.4.
3.2.2 Principle of Operation
The figure 3.5 represents the principle of operation of the vibrational vis-
cometer. The tip of the viscometer is called the ‘Bob’. The bob is made to
vibrate at a certain frequency in air. This is calibrated in air to read as the zero
point viscosity. Any fluid that the bob is immersed in shall offer resistance to
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Figure 3.5: Principle of operation of the vibrational viscometer [3]
the vibration of the bob. This is co-related by the signal processing unit of the
viscometer and is converted into a 4 to 20 milli ampere signal that represents the
live actual absolute viscosity of the fluid, into which the bob is immersed.
To the naked eye, nothing moves. The solid stainless steel sensor element
is submerged in the fluid and made to move back and forth microscopically at a
high frequency. This is called“resonance”. As the surface of the sensor shears
through the liquid, energy is lost to the fluid because of its viscosity. The dis-
sipated energy is accurately measured by microprocessor-controlled electronics
and then equated back to viscosity. Higher viscosity causes a greater loss of
energy and hence a higher reading [18]. The harnessing of the wave dissipation
principle with solid engineering design gives Hydramotion viscometers a rare
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combination of incredible sensitivity and toughness. In the petroleum indus-
try online measurement of viscosity is of prime importance to monitor perfor-
mance and also ensure the quality of the crude oil that is flowing from separate
oil fields. The features that make this measurement technique stand out is the
continuous monitoring, high sensitivity, ease of operation and installation, wide
range, easy maintenance.
3.2.3 Viscosity variation with Temperature
In terms of viscosity measurements, the most important factor affecting
the quality of a viscosity measurement is temperature, temperature, tempera-
ture [19]. A fluid’s viscosity is characterised by a number called Viscosity Index.
This number indicates the dependance of viscosity with respect to temperature.
The higher the viscosity index, the smaller the change in viscosity with tem-
perature. Therefore, on oil of high viscosity index has a more stable viscosity
when compared to an oil of lesser viscosity index. However, this stability of the
viscosity is usually in the range of over 100◦C. This is because most of the high
viscosity oils are used in the industry as lubricant oils to reduce the friction of
bearings. While they operate in the high temperature zones, the viscosity should
be stable in the range of temperatures of operation, which is is in the range of
100◦C. However, the experimental set up does not experience a temperature that
high, infact over 35◦C shall be achieved only if the fluid is pumped. During stir-
ring it has been noted that the temperature does not go beyond 30◦C. The fluids
that were tested for the experiment had viscosities over 100cP and high viscosity
indices over 100.
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3.2.4 Viscosity variation with Shear Rate
Trial runs were run with 1% concentration of Oil in water using Havoline
oil SAE 20W-50. The RPM was increased in steps from 80 RPM to 200 RPM.
The mixture got more homogenized when the RPM was increased. Having
noted that, the viscosity was monitored from 200 RPM to 80 RPM. Do note that
the viscosity reading at the RPM was taken when the viscosity reading from the
transducer had reached the steady state viscosity.
Figure 3.6: Viscosity v/s RPM for Horizontal Configuration
The figure 3.6 shows the variation of viscosity of the 1% of oil in water
mixture with the varying shear rate applied by the blade in the form of RPM.
The reverse of RPM steps was done to check for hysterisis in the viscosity
variation with the shear rate. As can be seen in 2 to and fro runs from 80 to 200
RPM, the viscosity readings for both of them were consistent.
The figure 3.6 also is indicative of the sensitivity of the Hydramotion Vis-
cometer as very small changes in viscosity were recorded by the transducer. It
is also worthy to note that the temperature of the fluid was consistent over the
entire experiment. This indicates that temperature is not playing a major role in
35
CHAPTER 3. EXPERIMENTAL SET UP
varying the viscosity of the 2 phase mixture.
3.2.5 Shear Stability
Shear stability is a measure of whether and how much of the oils viscosity
is lost during its time in the operating engine. Oil experiences very high stresses
in certain areas of the engine. Most multigrade engine oils made from mineral
oil contain special types of additives, called Viscosity Index Improvers (VI Im-
provers). These molecules are larger in size than the oil molecules and are used
in small amounts to give better low temperature viscosity while still maintaining
an appropriate level of viscosity at operating temperature. However, depending
on the size of the VI Improver molecules, as the oil passes through the en-
gine, some of these larger molecules are permanently broken down into smaller
molecules that are less effective in contributing to viscosity.
The shear stability of an oil is measured by using both ASTM test methods
D4683 and D5275. First, the viscosity of an engine oil is measured. Then, the
oil is exposed to severe shearing conditions by repeatedly pumping it through a
diesel fuel injection nozzle at high pressure. After shearing the oil, its viscosity
is measured again. The percentage of viscosity lost is determined by comparing
the second viscosity measurement with the original viscosity measurement [31].
3.2.6 Viscosity Standard ASTM D341
The figure 3.7 represents the American Standard for Testing of Mate-
rials’(ASTM) standard Viscosity v/s Temperature curve, namely the ASTM
D341. This standard is utilized for prediction of viscosity with respect to tem-
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Figure 3.7: ASTM D341 Temperature v/s Viscosity Chart [1]
perature change.
log.log(ν+0.7) = A−B.log(T ) (3.1)
There are 2 process variables namely kinematic viscosity and temperature
in Kelvin. There are two constants A and B. Therefore we require two sets of
calibration data. Usually 40◦C and 100◦C are used.If we know the viscosity
of a sample of oil at two different temperatures then we can set about finding
the values of A & B by substitution and subtraction. These values are from
a feedstock in lube oil manufacture. Once we know A & B we substitute the
temperature we are interested in and solve for the viscosity.
However there are no standards for process viscosity measurement as
there are only a few process analysers that work as well as is necessary [1].
As seen in figure 3.8, for heavier oils, the viscosity tends to deviate a lot
at lower temperatures. The product and calibration curves differ by a consider-
able amount at temperatures of more than 40◦C. So at room temperatures, the
product curve and the calibration curve deviate.
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Figure 3.8: ASTM D341 Temperature v/s Viscosity Chart for Heavier oils [1]
3.2.7 Viscosity Standard ASTM D445
This standard of ASTM is used to measure the kinematic viscosity of the
fluid. Kinematic viscosity is the viscosity of fluid while its in motion. It is
the measure of a fluids resistance to flow under gravity, as determined by test
method ASTM D 445 [5].
The test is relatively simple and follows a basic procedure. The oil is
placed into a calibrated glass viscosity tube. It is allowed to settle overnight and
is submerged in a warm bath at 40 degrees Celsius. Then the fluid is sucked
up a portion of the tube to the highest line on the right side of the tube seen in
Figures 1 and 2. Once the oils meniscus touches this line a timer is started and
continues until the oils meniscus touches the lower line. This is then repeated
up to three times and then the bath is increased to 100 degrees Celsius and the
test is performed again up to three times. The time intervals are then converted
into seconds and multiplied by a constant that is specific for the glass viscosity
tube used. This number is then the kinematic viscosity of the fluid. It should
also be noted that different calibrated constants exist for the same glass piece
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with temperature change [35].
3.3 Set up Configuration-Vertical
The experimental set up was configured differently and tested for 1 %
concentration of oil in water. This was done so as to justify the positioning
of the viscometer. As can be seen from the figures of the HYDRAMOTION
viscometer, it could be positioned both in the horizontal orientation and also in
the vertical orientation. However, there is a considerable difference between the
2 orientations. This arises because of the 2 phase properties and also the degree
of mixing possible in the arrangement.
There were several constraints while configuring the set up. Chief amongst
these is the size of the viscometer. The viscometer’s bob had to be completely
immersed in the fluid. This could be done in a smaller tank with vertical mount-
ing. However, there would be no place left for the stirrer. The stirrer had to be
mounted on top. Any other location would lead to possible leakage from the
connections between the tank and the stirrer. Therefore a tank was designed
to contain the stirrer blade and also the viscometer. This vertical configura-
tion, represented in figure 3.9, has several benefits. The major benefit is that the
viscosity can be measured at varying depths. This can help to identify better
homogenization of the mixture. As the concentration of the oil in water gets
higher, there is higher chance of the oil droplets tending to coalesce and rise
if the mixing proves to be insufficient. A distinct oil layer might form quite
rapidly. To measure the online changes of viscosity at varying depths this con-
figuration is very suitable.
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Figure 3.9: Experimental set up in vertical configuration
However, this configuration had a major flaw. While it allowed for vertical
measurement and also measurement of viscosity at different depths, the twin
tank arrangement did not allow for sufficent mixing. The viscosity fluctuations
for 1% concentration of oil in water ranges from 30 centi-poise to less than 5
centi-poise.
The major reason that contributes to this discrepancy is that there is insuf-
ficient mixing in the measurement tank. While the mixing chamber undergoes
high mixing, only partial mixing occurs in the measurement chamber because
the stream lines breakup and become counter rotating. They do not have suf-
ficient energy to mix the oil and water to make a stable mixture. However at
higher RPM’s the mixing process is improved although not up to the extent of
the horizontal configuration. The horizontal position was chosen for the vis-
cometer following the afore mentioned constraints.
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3.4 Horizontal Configuration
Figure 3.10: Horizontal Configuration with Viscometer
Figure 3.11: Horizontal Configuration with Viscometer
The figures 3.10 and 3.11 shows how the viscometer is connected from the
side flange. This set up provides more accurate measurement of viscosity for the
bob is always immersed completely in water and no discrepancy in measurement
shall occur due to improper positioning of the bob. Augmenting the viscosity
measurement is the thermocouple which monitors the temperature of the fluid
inside the mixing tank.
41
CHAPTER 3. EXPERIMENTAL SET UP
Figure 3.12: Horizontal Configuration with Motor and Tachometer
Figure 3.13: Motor and Stirrer
The motor description is a D.C. Motor with variable speed control.The
voltage is 180 V A.C. input. The current is 1.2 Ampere and power is 15 Watt.
The impeller used for the square mixing tank is of the paddle type and is shown
in the figure 3.13.
The figure 3.14 provides information about the selection of impeller type
for different viscosity ranges. The viscosity of the oil that is tested in this work
is above 200 cP. Paddle stirrer was selected following this.
Increasing phase fractions takes increasing time to attain a steady state
viscosity for a certain fixed RPM. The mixing was continued for 5 minutes and
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Figure 3.14: Impeller Data [2]
then stopped. The viscometer showed a spike in the viscosity. One should note
at this point of time that the viscosity is measured continuously online. The
spike in viscosity corresponds to an increased concentration of oil around the
probe. The explanation for this spike is that once mixing is ceased, inertial
forces dominates the viscous forces. The oil droplets begin to rise up. As the
oil droplets rise, they are hindered by the viscometer’s bob. The oil droplets
tend to coagulate beneath the viscometer. Due to increased concentration of oil
droplets, there is a spike in the viscosity. Once mixing commences, the viscosity
drops down to the initial value of the mixture.
This proves that the emulsions are not stable and hence the term mixture is
used in this work. Emulsions are formed at an even smaller concentration than
1% oil in water. After keeping the mixture for few minutes, the oil and water
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separate and form different layers.
3.5 Standarized Set-Up
As a continuation of the initial work that proceeded with a square cross-
section agitation vessel, a more standard cylindrical cross-section mixing tank
was designed and constructed. This mixing tank complied to the regulations of a
standard mixing tank which was mentioned in the literature review. The mixing
tank was also fitted with the hydramotion vibrational viscometer to measure the
online viscosity of the homogenized liquid liquid mixture in the agitation vessel.
The mixing tank is shown in figure 3.15.
The impeller used is a pitched blade turbine with 3 blades each at 45 de-
gree to the hub. The tank’s characteristics are listed out in table 3.3. These
dimensions are in the exact ratios provided in the handbook for chemical en-
gineers and also the handbook of industrial mixing. The viscometer’s addition
into the standard mixing tank is intrusive but its introduction does not change
the ratio’s of the impeller clearance and the viscometer is kept very close the
tank bottom. The effect of the viscometer’s intrusiveness shall be shown in a
higher power number for the impeller characterization.
Item Description Ratio(with Tank Dia)
Tank Dia - 230 mm
Impeller Dia - 75mm 1/3
Baffles Width- 23mm 1/10
Bottom Clearance 76 mm 1/3
Viscometer Dia 25mm 0.04
Table 3.3: Tank Characteristics
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Figure 3.15: Standard Mixing Tank
3.6 Time of mixing
Determining the time of mixing is crucial as inadequate mixing shall pro-
vide incorrect data. To determine the mixing time, it is important to gain insight
into the power number of the impeller. The power number of the impeller is
defined in equation 2.4. By finding out the power number, which is a constant
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Equation 3.2 is a modification of equation 2.7 and is provided by Grenville(1992).
The standard deviation of the constants in the equation 3.2 is ±10.0% [13, 16].
θ95 is defined as the time taken to reach 95% of homogeneity for the mixture in
the tank.
Figure 3.16: Power Number versus Reynold’s Number for the PBT
Figure 3.16 is the plot of power number plotted against the reynold’s num-
ber for various fluids at different RPM in the standard mixing tank. This plot
shows similar characteristics to the standard charts that are shown in figure 2.7.
In the turbulent region the power number is averaged out to give 0.82 with a
standard deviation of 5.17%.
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3.7 Mixing Time in Standard Vessel
3.7.1 Turbulent Regime
The majority of references in the literature report that in the turbulent re-
gion, the dimensionless mixing time is a constant, independant of the Reynolds
and Froude number. The constant value is dependent on impeller type and diam-
eter relative to the vessel. Grenville(1992) put forth the co-relation for mixing
time to reach 95% homogeneity as the equation 3.3. The standard deviation of





Since the impeller number is a constant in a baffled vessel in the turbulent region,
Nθ95 is a constant. If the liquid depth is equal to vessel diameter, which it is in
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3.7.2 Transitional Regime
In the transitional regime, the constant of proportionality was found to
increase from 5.20 to 183. Also since the power number remains steady over
the region, Nθ95 is still a constant and reynold’s number can be used. The









It is evident from equations 3.7 to 3.8, that the mixing time depends upon
the reynold’s number of mixing. This means that as the RPM of the stirrer is
varies, the time required for mixing changes as well. This is represented in the
graph shown in figure 3.17. Do note that since the mixing time is calculated
from the power number, which is a characteristic of a system, this graph is
representative only for this system for the particular viscosity and density of the
fluid.
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The experiment was conducted in 3 systems under controlled conditions.
Firstly, the experiment was carried out in a square tank with a basic impeller
blade. Secondly, the experiment was carried out in a standard rheometer using
sampling. Thirdly, the experiment was conducted in a standard mixing tank,
which was characterized with a constant power number. The results in this
section are therefore presented in 3 parts with each representing the respective
experimental set up.
4.1 High Viscosity Oils
The experiment was conducted in the square mixing tanks for high vis-
cosity oil-water mixtures. The mixture was mixed at 200 RPM with a tip speed
of 2.1 m/s.
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Figure 4.1: Viscosity of Mobil DTE10 Excel 150 v/s Percentage Concentration of Oil
The figure 4.1 represents the phase inversion of high viscosity oil. There
are 2 lines because each line represents an experiment across the range of oil
concentration in water. The first run commenced from an initial low concentra-
tion of oil in water. The viscosity signal was measured using the hydramotion
viscometer which was inserted as a probe into the flow. After the viscometer
signal was recorded at a frequency sampling of 10 Hz, the signal was averaged
to get the mean viscosity of the mixture. The temperature of the mixture was
also monitored. The mixing time was calculated from the charts(figure 3.17 pre-
sented in the previous chapter. To ensure that mixing was completed the mixture
was mixed upto 5 minutes and the measurement of the signal was taken for 1
minute. The mixing was continued for 10 minutes and the readings for each
concentration was taken at constant temperature. The temperature signals were
consistent with a standard deviation of less than 0.85% from the mean value.
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The figure 4.1 represents the measured viscosity of the oil-water mixture
mixed at varying phase fraction in the mixing tank. The viscosity does not
change by a large margin for phase fractions upto 0.7. This indicates that water
is the continuous phase and oil are dispersed as droplets in the mixture. At 0.8
oil phase fraction, the measured viscosity shows an increment upto 30 cP. This
phenomenon has been observed in many literatures as the triggering point to
phase inversion. The viscosity at 0.9 oil phase fraction is recorded to be the at
200 cP.
Figure 4.2: Measured relative viscosity
of different oil-water dispersions [14]
Figure 4.3: Measured friction factor at
different mixture velocities [34]
Figures 4.2 and 4.3 represent the general trends of phase inversion in
pipelines. It has to be said at this point that the phase inversion trend is of
focus in the above pictures. The phase inversion in the experiments conducted
in the mixing tank is delayed when compared to the 2 experimental results pre-
sented above. This is due to several factors chief amongst which is the tendency
of the high viscosity oil to remain as dispersed phase for a prolonged time.
The viscosity of the mixture was recorded further when the oil was the
initial continuous phase and the water was added as the dispersed phase. This
followed a different trend where it can be seen that the mixture inverted from
a water-in-oil mixture to an oil-in-water mixture on the whereabouts of 0.6 oil
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phase fraction. This phenomenon has been reported in several literatures as the
existence of the ambivalent region [4, 24, 25].
To understand the phenomenon better, different method of measurement
was tried. The most standard and believable form of viscosity measurement is
the Rheometer. Hence static experiments were conducted with the rheometer,
where batches of the desired concentration were first created in a 100 ml beaker
and homogenized using a homogenizer.
Figure 4.4: Viscosity of high viscosity oil v/s oil phase hold up using Rheometer
Surfactants were not used in the current experiments. Therefore the oil-
water mixture would separate very quickly. However, the results presented in
figure 4.4 represent the averaged values over 3 experiments. The experiments
were conducted in a 100 ml beaker and agitated using a homogenizer at 1400
RPM. The viscosity was then measured using a cone and plate arrangement for
the rheometer.
As shown in figure 4.4, the viscosity of the oil-water mixture shows a
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spike at 0.8 oil phase fraction. The phase inversion point is 0.1 phase fraction
less than the one conducted in the square mixing tank. Since the mixture is
batch-mixed, each mixture is prepared separately and measured individually at
that particular concentration.
The difference in the phase inversion point can be due to incomplete mix-
ing happening in the square mixing tanks. The square mixing tanks have incom-
plete mixing due to several stagnation zones in the corners of the tank. Also a
square mixing tank cannot be easily characterized [4, 13]. Due to the inconsis-
tency in the results from the 2 set-ups, another mixing tank was constructed.





Ba f f lewidth
TankDia ), was characterized with a power number
of 0.9 and the plot of power number versus reynold’s number was plotted in
figure 3.16. This tank, fitted with an axial impeller has the flow patterns shown
in the figure. The baffled walls allow for better circulation to be present in the
mixing tank. Due to the standardized flow pattern information and better cir-
culation, the results from the standard mixing tank are a fair comparison to the
rheometer results.
The results presented in figure 4.6 represents the plot of viscosity mea-
surement with respect to oil phase hold-up in the standard mixing tank. The
experiment was conducted for 5 different RPMS, covering varying Reynold’s
number. The mixing times were kept consistent at 5 minutes. This mixing time
was determined from the mixing time characteristics of this mixing tank for var-
ious reynold’s numbers. The maximum time required for the mixture to stabilize
was taken as the standard mixing time to ensure that homogenization occured
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Figure 4.5: Flow pattern of axial impeller in baffled standard mixing tank
even at the lowest of Reynold’s numbers.
Figure 4.6: Viscosity of High Viscosity Oil v/s Oil phase hold-up in Standard Mixing
Tank
Comparisons of the phase inversion data are shown in the figure 4.7. This
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Figure 4.7: Comparison of Hydramotion viscometer results with Rheometer results for
high viscosity oil
graph shows the similar trends that are followed for both sets of experimental
conditions. The phase inversion point occurs at 0.8 phase fraction in both ex-
periments. This graph shows that the viscometer can be utilized to detect phase
inversion with a good level of accuracy. The differences in the 2 curves could
be due to the temperature differences in the 2 different experimental conditions.
While in the rheometer the temperature is controlled at 26◦C, temperature con-
trol was not possible with the standard mixing tank set up. The temperature
would rise by upto 4◦C from the start of the experiment to the end over a span
of half an hour due to turbulent mixing. As only temperature monitoring and no
temperature control was applied over the system, the offset in the measurement
occured from the rheometer and the viscometer.
Conventional techniques, such as the conductivity measurements cannot
be conducted for high viscosity oils. The oil shall smear the conductivity probes
56
CHAPTER 4. RESULTS AND DISCUSSION
and render the reading to be naught very quickly. In fact, in trial runs for the
experiments with high viscosity oils, the conductivity readings went to zero even
with low concentration of 0.04 oil phase fractions. Conductivity measurements
versus the oil phase fractions lead to data regarding the ambivalent region. This
data is quite useful in the transport industry. With the aim of transporting oil as
oil dispersions without undergoing phase inversion, the oil concentration shall
be kept well ahead of the ambivalent regions. Phase inversion shall lead to high
pressure drops in the pipeline and there shall the advent of pressure transients
in pipelines. The industry tries to maximize the oil concentration that can be
transported in pipelines without phase inversion. Therefore the knowledge of
ambivalent region is important.
The ambivalent region cannot be easily determined for high viscosity oils,
in the laboratory environment, due to the smearing of the conductivity probes.
However, the hydramotion viscometer probe, can overcome this inconvenience
by providing direct viscosity measurements at various phase fractions.
While the conductivity meter makes use of the difference in conductiv-
ity of water and oil, the vibrational viscometer functions by measuring the in-
creased power consumption in maintaining a constant frequency of vibration,
when in contact with fluid medium. While in experimental conditions, starting
with water as the continuous phase and adding oil to the mixture and increasing
oil phase fraction, the conductivity of the measurement drops to zero, the am-
bivalent region is assumed to be achieved. Starting from oil continuous phase
(conductivity is zero) and addition of water to the medium to increase water
phase fraction, the conductivity shall spike up at a certain water phase fraction.
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The region in between these 2 points is assumed to be the ambivalent region as
shown in the figures 4.8 and 4.9.
Figure 4.8: Inversion hold-up vs RPM
of mixing tank [7]
Figure 4.9: Inversion hold-up vs RPM
of mixing tank [21]
The ambivalent region is the region where the boundaries are de-marked
when the change of conductance happens with a conductivity meter. Using
a hydramotion viscometer, the ambivalent region cannot be determined. The
viscometer shows an increase in viscosity when phase inversion occurs. The
viscometer also shall show the increase in viscosity over the ambivalent region.
The distinction of an ambivalent region, which is achieved by the conductiv-
ity probe cannot be achieved by the viscometer. In the ambivalent region, the
viscosity is increased, but it does not increase to a value that is higher than the
viscosity of oil itself. Hence one cannot confirm the beginning of the ambivalent
region nor the end of it, with a viscometer probe. This same drawback is present
in the pipeline experiments as well. The pressure drop shall increase suddenly
at the phase inversion point, however, the pressure drop does not indicate the
start or end of an ambivalent region. The ambivalent region is an important
region for pipeline engineers because it being a region of uncertainity, the engi-
neers usually avoid the concentration of oil in water to drop into the ambivalent
region.
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Figure 4.10: 50 % Oil in Water Figure 4.11: 60 % Oil in water
Figure 4.12: 70 % Oil in water Figure 4.13: 80 % Oil in water
Figures 4.10 to 4.13 are photographic images taken during the measure-
ment of viscosity by the rheometer. The photographs were taken from via the
microscope camera which is an attachment module to the rheometer. The pic-
tures presented are for increasing concentrations of oil in water emulsions. In
literature, droplet size measurements are commonly done for low concentra-
tions and dispersion upto 0.2 dispersed phase fractions [33]. However Pacek
A.W. (1994) developed a video technique system which could measure droplet
sizes in both water continuous and oil continuous dispersions. The droplet sizes
of the dispersed phase are found to increase in their mean drop diameter as the
volume fraction increases as shown in figurefig:droplet-size-distribution. The
droplet size increases upto the phase inversion point. Larger droplets were ob-
served as the amount of dispersed phase was increased by Plasencia L.(2013)
using the Foccused beam reflectance method (FBRM) probe technique, by the
measurement of chord length of a laser beam emitted from the probe into the
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flow. The presence of larger droplets at higher phase fractions tend to result in
an unstable emulsion which triggers phase inversion [30]. The images captured
by the rheometer hence offers proof that the droplet sizes grow larger as the
dispersed phase concentration is increased.
Figure 4.14: Variation of mean drop diameter for cholorobenze in water dispersion [33]
Droplet size increment is known to occur due to coalescence phenomenon.
The images are taken from a rheometer where the mixture is sampled after ceas-
ing agitation. However, during agitation, the droplet size distribution shall be
quite different from a static sampling technique. This is because of the existence
of 2 zones, namely the breakage zone near the impeller and the coalescence zone
away from the impeller near to the wall. The more turbulent the mixing process,
the finer droplets shall be produced in the impeller zone. But the turbulence in-
tensity dies off we move radially outwards as well as axially outwards from the
impeller zone. To understand the phenomenon in true depth, droplet size mea-
surements should be conducted in-situ at varying distances from the impeller in
both radial and axial directions. This shall provide a deeper understanding of
coalescence of droplets.
Coalescence of droplets shall occur during the collision of one droplet
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with another. Coalescence depends on collision rate, which increases with
dispersed phase concentration. This is quantified by the collision frequency
(ξ (d,d′)), for 2 droplets of diameter d and d’. The collision frequency again
depends on the droplet size and agitation rate. As 2 droplets approach each
other, a film of continuous phase fluid separates them. Coalescence depends
on the drainage of this film. It must drain to a critical thickness before phase
inversion can occur. Coalescence shall occur when the collision interval, also
known as the contact time, exceeds the film drainage time. The probability
that this shall occur is called coalescence efficiency (λ (d,d′)). The frequency
of coalesence(Γ (d,d′)) is hence a combined effect of collision frequency and
coalescence efficiency.
Γ (d,d′) = ξ (d,d′)λ (d,d′) (4.1)
4.2 Light Oil
Low viscosity process oil of 35 cP at room temperature(26◦C) was also
tested for phase inversion. The tests were conducted in similar procedure as
those for high viscosity oil. The tests were conducted in square and standard
mixing tanks and their results are presented in figures 4.15 and 4.16 respectively.
The figures 4.15 and 4.16 show that the general trend of phase inversion is
attained in both scenarios. However the spike in viscosity is less for the standard
mixing tank when compared with the square mixing tank results. This is related
to the increased temperature in the standard mixing tank where the RPM of
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Figure 4.15: Viscosity of low viscosity oil v/s Oil phase hold-up in Sqaure Mixing Tank
Figure 4.16: Viscosity of Low Viscosity oil v/s Oil phase hold-up in Standard Mixing
Tank
mixing was higher when compared to the square mixing tank.
Figure 4.16 shows a trend that the viscosity measured at higher RPM tends
to have a lower viscosity initially when water continuous and higher viscosity
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after phase inversion. The higher the RPM, smaller is the droplet size due to
increased turbulent forces [30, 33]. The result presented shows that the finer
droplet sizes tend to produce a higher viscosity peak when phase inversion
occurs. This finding requires further experimentation to understand the phe-
nomenon better.
4.3 Comparison to Phase inversion prediction models
Several phase inversion prediction models exist in literature. Most of the
models present in literature co-relate the phase inversion point with viscosity
ratio between the 2 phases of mixing.
Arirachakaran(1989) suggested the following logarithmic relation after
collecting large amounts of data from the literature.




ε I0 represents the critical oil hold up at phase inversion or in other words, phase
inversion point. Assuming the flow of 3 thin layers and no shear at the interface,











Based on minimum system energy and ignoring the details of the pipe geometry,
mixture velocity and surface tension, Brauner and Ullman(2002) gave a simple
63
CHAPTER 4. RESULTS AND DISCUSSION

















Based on effective mixture viscosity model, and assuming homogeneity of the

















where 1/k is the maximum packing factor. For a mono-dispersed mixture flow,
Yeh et al. suggested the value to be equal to 0.74. The corresponding crowding
factor
The various models based on the equations provided above were plotted
against various viscosity ratios and are presented in figure 4.17.
Figure 4.17: Predicted phase inversion points by using different test systems for oil
water mixtures
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The model presented by Arirachakran appears to be the closest to the ex-
perimental data provided by the online viscometer. All other models seemingly
over-predicts the phase inversion point. The experiments conducted by the vis-
cometer are at discrete intervals. The discrete intervals are a narrow zone of
approximation. As the phase inversion point for high viscosity oils cannot be
found out using a conductivity probe due to the oil smearing the surface of the
probes, via the viscometer, only a range for phase inversion point can be re-
ported with repeatability. This proves to be a limiting factor with this form
of measurement. However it does still provide a measurement technique in an
otherwise un-explorable area using conventional techniques.
4.4 Limitation of Online Viscometer
The online viscometer is a transducer that provides viscosity reading as
an output signal. The measurement of power dampening at constant frequency
input is converted into the viscosity signal. The method while providing a new
method of, previously unexplored, on-the-go viscosity measurement in dynamic
scenarios(pipeline and mixing tanks), has several limitations as well.
While a rheometer can vary the strain rate that is applied to the experimen-
tal fluid, the viscometer provides a constant strain rate which is proportional to
the frequency of oscillation of the ‘bob’. This poses several limitations in under-
standing the property of the fluid that is being measured. The fluid classification
as a newtonian or non-newtonian fluid cannot be done by the viscometer. The
identification of minimum shear and maximum shear also is a limitation.
The measurement area of the viscometer is very large from an experimen-
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tal point of view. The viscosity shall vary at different location within a domain.
But as the viscometer’s measurement area is quite large, the measured data is av-
eraged over the length of the mesurement. This can lead to loss of data specific
to the an area smaller than the measured averaged area. Several phenomenon,
that has a length scale that is less than the measurement length of the viscometer
cannot be measured. For example, a slug of water in a predominant oil zone,
the water slug which has a smaller cross sectional area than the projected area
of the viscometer, shall not influence the measured value of oil zone. The value
of measurement shall only be a small dip in the viscosity due to the averaging
algorithm built in to the viscometer.
Altough there are a few limitations in the measurement techniques for the
online viscometer, it is currently the only form of viscosity monitoring which
provides real time viscosity readings to the user. Hence, for a homogenized flow
pattern, the viscometer proves to be useful tool in multiphase flow metering.
66
Chapter 5
Conclusion and Future Work
5.1 Conclusion
The work is directed at addressing the limitations of multiphase viscosity
measurement in the industry. The main purpose of this work is aimed at deliver-
ing a viscosity measurement technique that can be implemented on a industrial
scale pipeline. Presented in this thesis is the work the author has conducted
on effective viscosity of 2 phase liquid-liquid mixtures using a vibrational vis-
cosity measurement. The vibrational viscometer was delivered pre-calibrated
for ranges of viscosity from 0 to 10,000 cP. However it was tested for accuracy
range with different liquids at different temperatures and the results were com-
pared to the ASTM standards for viscosity versus temperature scales. The work
went a step further and bench marked the viscosity measurements with an in-
dustry standard rheometer (Haake MARS III). The error percentage was found
to be 10% for high viscosity oils and 14.5% for light oil measurements. The
viscometer was then tested in a square mixing tank with temperature monitor-
ing and RPM control in the range of 200 - 300 RPM. Due to the limitation of
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the motor, variable RPM could not be tested. The experiment was conducted
similarly on the rheometer which showed similar results for higher phase frac-
tions, thus validating the results in that region. Droplet sizes measured during
the rheometer measurements strongly indicate towards the coalescence theory
of phase inversion. The ambivalent regions were achieved for the high viscos-
ity oil experiment but could not be achieved for the light oil experiment. The
reason is attributed to the blending of the process oil which contributed to an
excess amount of polymers in the fluid hence lengthening the separation time of
the 2 phases.
Experiments using the similar techniques were continued using a standard
baffled mixing tank. The characteristics of the mixing tank were plotted and the
viscosity measurements were conducted at varying RPMS of the pitched blade
impeller. These results were found to be consistent in the patterns provided by
the rheometer and standard phase inversion charts found in literature. The re-
sults were also tested against existing phase inversion prediction models. The
prediction models are found to over estimate the phase inversion point in com-
parison to the experimental data.
Lastly, by understanding the viscosity measurement by the viscometer, a
novel technique for measurement of viscosity is proposed in the future works,
in the next section. The experiments were conducted in a semi-controlled envi-
ronment and as stated in the previous chapters have several drawbacks. These
short-comings in the experimental set-up can be overcome by conducting the ex-
periments in a more controlled environment. The controlled environment shall
delete several possibilities for the error developed in the current work presented
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in this thesis. Another major factor that is proposed to be controlled is the
temperature. By placing the stirring vessel in a water bath that is temperature
controlled, a better temperature control on the experimental set up is provided,
hence eliminating fluctuations due to the temperature rising occurring because
of the stirrer or the motor or the surroundings.
5.2 Future Works
The current testing of the viscometer was conducted only for a static con-
dition within a mixing tank. This involved the study of phase inversion in a
mixing tank. This shall be further investigated by extending the testing onto a
test loop facility. This facility shall be constructed in the National University
of Singapore’s Industrial Wind Tunnel. The test facility shall include a 1 inch
diameter stainless steel test loop, with 2 positive displacement pumps, control
valves, gamma ray densitometer, corioli and ultra sonic flow meters, apart from
the standard pressure and temperature sensors.
The novelty in the planned experiment is the calibration and extraction of
viscosity measurement values from the pipeline pressure drop measurements
couped with direct online viscosity measurement techniques. Currently the
vibrational viscometer was bench marked using sample measurements from
rheometer. However, the upcoming test facility shall provide a dual benchmark-
ing technique for static and dynamic conditions, in the static mixing tank and
the test pipelines, respectively.
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Figure 5.1: Proposed High Viscosity Test Facility in NUS
Figure 5.2: Proposed High Viscosity Test Facility in NUS
Figures 5.1 and 5.2 represent the design of the Flow loop facility which
shall facilitate the study of multiphase flows in pipelines. The pipeline shall
allow for a more realistic study of viscosity measurement during operation under
varying pressures and flow rates. This is required for understanding the changes
in viscosity with respect to varying flow conditions.
What is proposed as future works shall add depth to the viscosity measure-
ment in multiphase flow research by calibration with standard offline and online
measurement techniques. This project work currently has the data for only the
standard offline measurement with a rheometer. With the upcoming loop, more
consolidated data shall be available for the calibration of the viscometer.
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There are two kinds of vibration viscometers, the rotational vibration type
and the tuning-fork vibration type both types rely on the same measurement
principle. The present section is devoted to a detailed explanation of the tuning
fork vibration method. A viscometer using the tuning-fork method has a pair
of opposing oscillators of the same natural frequency. Each of these oscillators
is individually synchronized and driven by electromagnetic power. As the two
oscillators move in opposite phases, no outward reactive force is generated: this
is true with a tuning fork. Driving at a natural frequency with very small damp-
ing is also possible. During the viscosity measurement, the amplitude that is
generated is constantly measured and controlled in order to maintain a fixed am-
plitude. In addition, the electromagnetic power required to drive the oscillators
is also measured. Viscosity is determined based on variations in driving power
in accordance with viscosity multiplied by the density of the liquid in which
the oscillators are immersed. The energy applied to the sample liquid is small
because the vibration method causes only minute displacement in the sample
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liquid. Moreover, as the thermal capacity of the oscillator is small, interference
to the sample substance due to the measurement can be minimized. Since there
is no flowing or churning of the sample liquid, little change is caused mechani-
cally to the physical properties of the sample even after the measurement starts,
making a speedy and stable measurement possible. Hence, small interference
by the measuring system can provide benefits such as decreasing the possibility
of temperature variation that can cause changes to the physical properties of the
sample. In addition, by utilizing a tuning-fork vibration, the viscometer has a
high measurement sensitivity and is capable of performing continuous measure-
ments, ranging from as low as 0.3 mPaS to as high as 10,000 mPaS. This enables
the measurement of the cure processes of materials such as adhesives, gelatin,
and egg albumen. For example, the cure processes of albumen proteins with
different constituents can be monitored at different temperatures. The physical
quantity measured by the vibration viscometer is, from the theoretical formula,
ρ x µ in principle.
Next, is an explanation of the measurement model for the tuning-fork vi-
bration viscometers. As illustrated in the model of the free vibration system
shown in Figure 3, inertia terms based on the mass of the measuring system,
viscous terms based on the viscosity of the liquid, and the spring terms based
on the spring constant of the measuring system can be examined. When the
measuring system is driven by electromagnetic power at the natural frequency
determined by the mass and spring constant of the measuring system, the iner-
tial force and the restorative force of the spring will balance each other, and the
energy consumed by the measuring system will only be the viscous term of the
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where x is the amplitude of the vibration, K is the spring constant, ωn is the
natural frequency of the vibration system, F is the excitation force,m the mass
and C the viscosity coefficient.
If the amplitude and natural frequency are a constant, then there is a pro-
portionality between the excitation force and the viscosity co-efficient of the
fluid. By applying this principle, the tuning-fork vibration viscometer resonates
the two oscillators at the natural frequency with electromagnetic power and thus
realizes highly sensitive viscosity measurements.
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